Perpendicularly magnetized CoFeB layers with ultra-thin non-magnetic insertion layers are very widely used as the electrodes in magnetic tunnel junctions for spin transfer magnetic random access memory devices. Exchange interactions play a critical role in determining the thermal stability of magnetic states in such devices and their spin torque switching efficiency.
Main text
Magnetic tunnel junctions with perpendicularly magnetized layers (pMTJs) are of great interest for high-density memories such as in magnetic random access memory (MRAM) devices. [1] An optimized free layer is an essential part of the pMTJ and is designed to attain high thermal stability of its magnetic states, while permitting fast and low voltage spin transfer torque switching. The free layer is typically a thin body-centered cubic (bcc) CoFeB layer with an interface to MgO, which creates a large tunneling magnetoresistance. [2, 3, 4] The required thermal stability for long term data storage is achieved through interface perpendicular magnetic anisotropy with adjacent MgO layers on both interfaces. [3, 4] Ultrathin W and Ta insertion layers can further increase the perpendicularly magnetic anisotropy and thus lead to longer thermal stability. [3, 5] The switching dynamics and the thermal stability of the magnetic states-the energy barrier to thermally activated magnetization reversal (Eb)-depend on the magnetic anisotropy and the exchange constant of the free layer. [6] [7] [8] The latter is important because magnetization reversal can occur through non-uniform magnetic states, such as domain nucleation and domain wall propagation. The exchange constant, along with effective perpendicular anisotropy Keff, set the length scale below which coherent magnetization dynamics are expected (a critical diameter, dc, for a free layer element in the shape of a very thin disk), as well as the energy barrier for thermally activated magnetization reversal for free layer elements greater than this length scale. [7, 8] Several studies have characterized the perpendicular anisotropy of free layer materials, [9] but the exchange constant of pMTJ free layers has not been systematically investigated. Earlier studies suggest that the exchange constant is smaller for thin films compared to the bulk materials. [11, 12] However, the exchange stiffness of CoFeB free layers-which are widely used in MRAM-and the effects of an ultrathin insertion layer on the exchange constant have not been determined.
The exchange constant can be determined using dynamic methods such as Brillion light scattering (BLS) [13] and spin-transfer ferromagnetic resonance (ST-FMR). [11, 14] However, these methods have significant limitations when applied to the study of magnetic tunnel junction materials and devices. For example, BLS cannot typically be used to study ultrathin films. Further, estimation of the exchange constant from ST-FMR measurement requires identifying the spin-wave modes that are excited, which can be complicated due to (1) the selection rules involved, [15] (2) the selection of proper boundary conditions, (3) the presence of defects, and (4) fabrication related changes in material properties at the edges of the device. Moreover, these methods do not generally allow characterization of the exchange constant of the other magnetic layers in a multilayer stack. Such limitations are lifted through the use of precise quasi-static magnetization measurements, as a function of temperature, that probe the temperature dependence of the magnon population. This method allows one to determine the exchange constant of individual magnetic layers in MRAM layer stacks when the magnetic layers have well-separated switching fields.
We have determined the exchange constant in dual MgO CoFeB free layers with W insertion layer by magnetization measurements in a broad temperature range. A significant finding is that the exchange constant decreases significantly and abruptly with W insertion layer thickness, while the perpendicular magnetic anisotropy shows the opposite trend; it initially increases with W insertion layer thickness and shows a broad maximum at about one monolayer (0.3 nm) of W. These results highlight interdependencies of the magnetic properties that have to be considered when optimizing the layer configurations in pMTJs for advanced applications.
We studied full pMTJ layer stacks comprised of SAF1/Ru/SAF2/MgO/CoFeB/W(tW)/CoFeB /MgO, illustrated schematically in Figure 1a . SAF1 and SAF2 form the synthetic antiferromagnet, which is used to stabilize the reference layer in the pMTJ and reduce the internal stray fields acting on the free layer magnetization in a device. The free layer is We performed vibrating sample magnetometry (VSM) in a field-perpendicular geometry in a temperature range of 5 to 395 K. Wafers were diced into squares so that samples of precisely the same size and shape could be studied and compared. This minimizes the error introduced when determining the sample volume and thus the uncertainty in the saturation magnetization. Two samples were glued face to face to improve the signal to noise ratio (to double the magnetic moment). A challenge when studying a full pMTJ stack is to determine the full saturation moment of each layer. At each temperature, the saturation moment of individual layers is determined to be the amplitude of the corresponding steps in the major hysteresis loops. The steps are shown and labeled in Figure 1b . The free layer (FL) has the smallest switching field, less than about 0.05 T. SAF1 and SAF2 are antiferromagnetically coupled and have larger perpendicular magnetic anisotropy leading to switching fields close to 0.5 T. In addition to using the step in the major hysteresis loops, the free layer's magnetic moment is also determined by subtracting the saturation moments of the SAF layers from the total saturation moment. In a third method, the magnetic moment of the free layer is extracted from minor hysteresis loops in the same range of temperatures (see the inset of Figure 1b ). The magnetization is obtained by dividing the saturation moment by the layer volume.
The temperature dependence of the magnetization can be determined within a Heisenberg model with Hamiltonian = − ∑̂.< > , where J is the exchange energy and ̂, ̂ are spin operators associated with sites i and j. This model predicts the well-known Bloch's T 3/2 law. [16] Well below the Curie temperature, the magnetization decreases as:
where Ms(T) is the magnetization at temperature T, S is the spin at each lattice site (in units of Planck's constant, ℏ), B is Boltzmann's constant, and is a dimensionless constant equal to 0.58 for a bulk ferromagnet; is modified in thin films with magnetic anisotropy (as discussed in the supplementary section).
We thus analyze our data by plotting the normalized magnetization m versus T 3/2 . This is shown in Figure 2 In a continuum model, the zero-temperature exchange constant A for a bcc lattice is related to
, where a is the lattice constant. [16] S is given in terms of the magnetization as thickness. This is shown in Figure 3a and Figure 3b . We verified our measurement and analysis methods by studying NiFe thin films that were supplied by the National Institute of Standards and Technology (NIST) [18] (see supplementary materials). Our data reveal that the exchange constant of the MgO/CoFeB/MgO samples is much lower than that for thicker CoFeB samples, i.e. 19-28 pJ m -1 . [12, 13] This indicates that the exchange constant is significantly affected by interfaces and reduced dimensions. Moreover, insertion of the W layer further reduces the exchange constant of the CoFeB layer as seen in Figure 3a .
As the thickness of the W layer is increased, the exchange constant of the free layer is reduced even further, to about 4 pJ m -1 ( Figure 3a) . As can be seen in Figure 3b , the exchange constants of SAF1 and SAF2 layers agree well for all the stacks that are studied here. This indicates that the properties of these layers do not change with the W insertion layer and highlights that individual layer properties can be changed without affecting the properties of other layers in the MTJ stack.
The magnetic parameters of the free layers found in this study are summarized in Table 1 .
We note that the magnetic moment of the free layer tends to decrease with W insertion layer thickness. The magnetization times the free layer thickness, Mst, that is the magnetic moment of the free layer divided by its area, is shown in what has been termed dead layers). [5, 17] Another assumption that we consider in the supplementary section, is that the W layer reduces the magnetization of the entire CoFeB layer.
We note that Bloch's law analysis gives the zero-temperature exchange constant. However, finite temperature micromagnetic simulations should use a renormalized exchange constant ( ) = ( ) +1 , with = 1, the mean field result. [18] This implies an even further reduction in the exchange constant at room temperature of CoFeB layers with increasing W insertion layers.
In summary, we have determined the exchange constant of dual MgO CoFeB free layers in pMTJ layer stacks. We have observed that the exchange constant of the composite free layer in a pMTJ stack is about two times lower compared to the single CoFeB layer in a MgO/CoFeB/MgO sample. This is expected to have significant consequences on MRAM performance. Most importantly, the critical diameter for coherent switching (that is c = ( 16 ) √ / eff ) [7] decreases significantly with increasing W insertion layers thickness. For example, for a pMTJ with 0.2 nm W insertion layer c ≈ 35 nm at room temperature but this parameter decreases to 27 nm when tW is 0.3 nm. This implies that switching of a 30 nm pMTJ free layer with 0.2 nm insertion would be more coherent than the same size junctions that have 0.3 nm insertion layer. Thus, sub-volume excitation, and therefore delayed switching and lower switching efficiencies [6] are likely in large junctions with a 0.3 nm insertion layer. Moreover, the reduced exchange constant of the free layer reduces the energy barrier for thermally activated switching for junctions that are greater than dc. This illustrates the importance of precise determination of the exchange constant in order to be able to optimize the materials for pMTJs for MRAM devices. It is particularly important to develop composite free layers with stronger exchange while maintaining a strong perpendicular magnetic anisotropy. In general, the method we have presented can be applied to determine the exchange constant of individual ferromagnetic layers in magnetic multilayers for which the magnetic reversal of the individual layers is well spaced in a magnetic field. 
Magnon density and the exchange constants of the free layer
To calculate the exchange constant using Bloch's law (Equation 1 in the main text), we need to determine the prefactor numerically [1] . is proportional to the magnon density in thermal equilibrium:
where ( ) is the magnon density at temperature T. In cylindrical coordinates:
Here, and z are wave vector components in cylindrical coordinates, S is the spin at each lattice site (in units of Planck's constant, ℏ), J is the exchange energy of the ferromagnet, k B is Boltzmann constant, and fFMR is ferromagnetic resonance frequency at the field at which the magnetization is determined. For the free layers with strong perpendicular anisotropy, the saturation magnetization is determined from the magnetic moment near zero field (as these films have unit remanence); we therefore take the FMR frequency to be the zero applied field value. For the MgO/CoFeB/MgO sample, the applied field Happl needs to be larger than Hk to saturate the film in the field perpendicular VSM measurements. Therefore, fFMR is that for an applied field greater than the saturation value.
We choose the z axis to be perpendicular to the film plane. The lateral sizes of our sample are large (2.8 mm) while the thickness of the magnetic layer L z is only a few nanometers.
Therefore, for the component, we need to use a sum instead of an integral. Integrating Equation S1 with respect to and replacing ∫ with ∑ Δ , we arrive at
in which, = ( = 0,1, … , ), ln is the log in base e, and is the lattice constant of the thin film; a=0.287 nm for CoFeB [2] . We can determine the prefactor from Equation S1 by dividing the magnon density ( ) by the argument of the Bloch law:
Then is determined numerically for the CoFeB layers. However, for the SAF1 (tSAF1=7.6 nm) and SAF2 (tSAF2=4.4 nm) layers, we used =0.080 and =0.110, respectively, taken from Figure S3 of reference [1] . The reason is that for our CoPt SAF layers we assume an fcc structure with a=0.35 similar to that of permalloy studied in reference [1] .
For the free layer, we have calculated assuming an effective thickness of the CoFeB layer,
, taking the Mst values in Table 1 in the main text. Here, Ms=1.209×10 Table S1 along with other parameters that are measured and calculated for these samples at room temperature.
Determination of the exchange constant of the free layer assuming that the magnetization is reduced throughout the CoFeB film by W
As mentioned in the main text, our VSM data shows a reduction of the zero-temperature saturation magnetization as the W insertion layer is introduced and as tW increases. In the main text, we assumed that the spin S on each Co and Fe site that participates in the ferromagnetism is the same for all samples and thus that W insertion reduces the effective thickness of the CoFeB free layer, i.e. it results in a magnetic dead layer.
Another explanation for the reduced saturation magnetization is that the W layer dilutes the entire CoFeB layer leading to reduced spin on Co and Fe in the entire volume of the free layer. In this case, the CoFeB thickness is the nominal one (2.3 nm) and S= , where the magnetization Ms is zero temperature saturation magnetization that is determined from measured saturation moment and the sample volume assuming the layer has the nominal thickness. We considered this model and calculated the saturation magnetization and the exchange constant of the free layer that are shown in Table S2 and Figure S2 .
This gives a lower value of A, and we believe this represents a lower bound on the exchange constant.
Major hysteresis loops for a pMTJ stack with a thick insertion layer
We performed magnetic hysteresis loop measurements on pMTJ stacks with dual MgO
CoFeB free layers with varied W insertion layer thicknesses (tW between 0.1 and 0.7 nm). For intermediate insertion layer thicknesses (tW=0.2-0.4 nm), the reversal of the free layer is a sharp step, as illustrated in Figure 1b in the main text. However, for free layers with thick insertion layer (tW larger than 0.5 nm), the exchange constant of the free layer cannot be calculated from the minor loop data and step height in major hysteresis loops. This is because for these samples, the free layer reversal occurs in two steps: one CoFeB layer switches partially and the other CoFeB layer switches gradually as the field is increased (Figure S1a) .
There are two possible reasons for such behavior. First, this can be an indication of the weak coupling between the two layers since a stronger field is needed to fully saturate the composite free layer. Secondly, the perpendicular magnetic anisotropy and Meff starts to decrease when tW is greater than 0.3 nm (as shown in Figure 3b in the main text). As a result, for thicker insertion layers, higher field would be required to saturate the free layer in the field perpendicular geometry. Therefore, Ms and exchange constant of the free layer cannot be evaluated from the minor loop hysteresis curves. In this case, the magnetic moment of the pMTJ free layer has to be evaluated by subtracting the saturation moments of the SAF layers from the total saturation moment. This explains the uncertainties in determining the exchange constant of the free layers with thick insertion layer ( Figure 3a in the main text and Figure S2 in this supplementary information).
In addition, the exchange constant of the free layer that is calculated from the different methods does not agree for the thinnest insertion layer (tW=0.1 nm). One reason for this disagreement is that for this sample, the effective perpendicular anisotropy (as shown in Figure 3c ) is not sufficient to produce an out-of-plane easy axis. Therefore, the reversal of the free layer is not a sharp single step, and higher perpendicular fields are required to fully saturate the layer ( Figure S1b) . As a result, Ms of this free layer cannot be estimated accurately from the minor loop or step height methods that are explained in the main text and the method of subtracting the SAF moments from the full hysteresis loop is used in this case.
For pMTJ stacks with tW=0.2-0.4 nm, the magnetization reversal of individual layers is wellspaced in field. This allows us to extract exchange constant of all the ferromagnetic layers including the SAF layers. As a result, the free layer exchange constant that is calculated from three different methods (that are explained in the main text) agree well.
Calculation of exchange constant for NiFe sample
We performed magnetic measurements on a 120 nm NiFe film provided by the National
Institute of Standard and Technology (NIST) to check our methodology, one of the series of samples studied in Reference [1] . We used Bloch's law to fit this data and evaluate the exchange constant of this film. Saturation magnetization vs. T 3/2 data and the fit to Bloch's law is plotted in Figure S3 . Using η=0.058 from Figure Table S2 . Solid line is guide to eye. Figure S3 . Ms vs. T 3/2 data (red symbols) and fit to the Bloch's law (blue symbol and blue solid line) for 120 nm NiFe. 
